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The development of structure-function models of membrane transporters (1) requires not only high-resolution structural information (e.g., see refs. 2 and 3) but also detailed functional information (4) , which is available for only a few transporters to date. Studies of the electrogenic reactions of a transporteri.e., those reactions which move net charges with respect to membrane electrical field-can provide important insights into transport mechanisms and kinetics (4) (5) (6) (7) (8) . To identify such reactions, they must be isolated experimentally and be shown to generate electrical current (or charge movements), influence membrane potential, and/or be sensitive to changes of membrane potential.
The implementation of fast capacitance (admittance) measurements was suggested by recent studies of the Na,K pump (8, 9) . Briefly, extracellular binding of Na+ by the Na,K pump was associated with charge movements which were complete within 4 Zs (9) . On this basis, changes of sodium binding site availability should result in significant changes of the apparent membrane capacitance (i.e., charge stored per unit change of membrane potential), and similar considerations apply equally to other electrogenic reactions. Similarly, it has been proposed The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. ?1734 solely to indicate this fact.
for the Na,Ca-K exchanger of the rod outer segment (10) , the Na/glucose cotransporter (11) , the cardiac Na,Ca exchanger (12) , and the GAT1 [Na,'y-aminobutyric acid (GABA),Cl] cotransporter (13) that extracellular sodium binding reactions are the major electrogenic reactions.
MATERIALS AND METHODS
Giant Excised Patches. Giant membrane patches (14, 15) were formed from guinea pig cardiac myocytes and Xenopus oocytes (> 1-GfQ seals; 6-to 12-pF membrane capacitance). To avoid capacitance changes with solution level changes, pipette tips were thickly coated with a highly viscous Parafilm/mineral oil mixture (for details, see ref. 14) .
Capacitance (Admittance) Measurements. For current resolution up to 50 kHz, Axopatch 1C and 200A amplifiers were employed. Membrane capacitance changes were monitored as admittance changes by Princeton lock-in amplifiers (5302 and 5209) using sinusoidal voltage perturbations of 0.5-2 mV at frequencies of 1-100 kHz. The phase angle which optimally excluded a contribution from membrane conductance was selected by the method of Fidler and Fernandez (16) with series resistors of 20 kQl at 100 kHz up to 200 kfl at 1 kHz. Large membrane conductances could be activated-e.g., calcium-activated chloride current in oocyte patches-with no change of the monitored capacitance.
For higher time resolution, modified Axopatch 200A capacitance-feedback patch clamps were employed. A 2-MHz charge output and a 250-kHz current output were available. Data acquisition was performed at 8 MHz with 12-bit resolution, using custom hardware. For frequency scanning, the apparent capacitance was measured by the charge output as the signal component (i.e., charge moved) in phase with voltage. Changes of capacitance using an equivalent circuit resulted in constant capacitance changes over the entire frequency and voltage ranges employed.
Capacitance-voltage relations were determined with cumulative voltage step protocols using step durations of 2-50 ms. Frequency scanning was performed with a Hewlett-Packard 35665A dynamic signal analyzer. The highest frequencies presented are one-tenth the voltage clamp response rates demonstrated below. Model equations were fitted to data sets by a least-squares method.
Expression of Transporter Activities in Xenopus Oocytes. RNA (-25 ng) encoding rat GAT1 transporter (13) was injected into Xenopus oocytes, and transporter currents and charge movements were recorded 3-5 days later in excised giant patches.
Experimental Solutions. For Na,K pump measurements, the pipette (extracellular) solution routinely contained 120 mM NaCl, 4 mM MgCl2, 10 mM EGTA (with no added calcium), Abbreviations: GABA, y-aminobutyric acid; DPA, dipicrylamine. ITo whom reprint requests should be addressed. Fig. 1 demonstrates the 1-MHz voltage clamp resolution achieved in giant membrane patches. The signals are charge records for voltage clamp of calciumactivated chloride current in an oocyte patch. Solutions on both membrane sides contain 100 mM CsCl. The pipette resistance was 50 kfl, and the membrane capacitance was 5 pF. Charge signals were acquired in the absence and the presence of 2 ,uM free cytoplasmic calcium (10 mM EGTA/7 mM CaCO3) to inhibit and activate, respectively, the chloride current. Fig. 1A shows a subtraction of charge signals in the absence of calcium from those in the presence of calcium. Since charge is the time integral of current, a horizontal line corresponds to zero current, a line with a positive slope is a steady outward current, and a line with a negative slope is a steady inward current. An exponential function plus a linear function was fitted to the data at each potential. The first derivative of the fitted function, which approximates membrane current, is shown in Fig. 1B . Time constants obtained at the onset of voltage steps were less than 0.5 ,us.
RESULTS
Principle of Transporter Capacitance Measurements. Fig. 2 illustrates how a simple electrogenic reaction can be characterized by capacitance measurements. The figure shows the voltage and time dependencies of the apparent capacitance induced by the negatively charged hydrophobic ion DPA (17) (18) (19) , applied at 0.2 ,uM to the cytoplasmic side of a cardiac membrane patch and with 1-mV voltage perturbations. The data points are subtractions of results in the absence of DPA from results in the presence of DPA. The membrane capacitance without DPA was constant over the entire voltage range monitored (see Fig. 4E for results from oocyte membrane). Fig. 2A shows the voltage dependence of the DPA-induced capacitance. As illustrated, the hydrophobic anion resides primarily on the extracellular side at negative potentials and primarily on the cytoplasmic side at positive potentials. Accordingly, the DPA-induced capacitance, monitored by small voltage perturbations, is bell-shaped with a maximum at -10 mV. The fitted curve is proportional to the first derivative of the Boltzmann function, 1/{1 + exp[-c (Em -13)F/Rl]}, with a slope parameter (ca) of 0.76 and a midpoint (13) of -10 mV. These parameters are similar to those of others for DPA in natural membranes (18, 19) . In oocyte membrane, the midpoint was more negative, -40 to -60 mV, suggesting that DPA tends to be excluded from the outer membrane leaflet. This might be caused, for example, by the glycosylation of extracellular lipids (see ref. 20 for review of membrane asymmetry). The rate constant of the charge movement at 0 mV (i.e., the sum of forward and backward rate constants) corresponds to 1/(2wfc), or 9500 s-1. A slower component of DPA charge movements becomes evident at frequencies lower than shown here. The 9500 s-1 value is close to the rate obtained by voltage-step protocols in cardiac membrane (not shown), as well as to rates given for squid axon (18) . The advantage of the capacitance method is its high sensitivity in spite of the small magnitude of voltage perturbations employed.
Capacitance Measurements of Na,K Pump Electrogenic Reactions. Capacitance changes which accompany conformational changes of the Na,K pump are presented in Fig. 3 . The diagram in Fig. 3A depicts the major proposed Na,K pump states and their dependence on the major experimental variables (see open arrows). In the absence of cytoplasmic sodium and ATP, the pump is expected to orient with empty binding sites open to the cytoplasmic side (E10). Cytoplasmic sodium can bind to this enzyme form, giving rise to the E13N state, and the binding of one of the three sodium ions is suggested to be electrogenic on the basis of voltage-sensitive dye measurements with Na,K pump from other tissues and species (7, 21) .
In 10 experiments, the cytoplasmic sodium concentration was varied from 0 to 20 mM, using various solution compositions without ATP. No changes of capacitance were found, suggesting that sodium binding from the cytoplasmic side is electroneutral in guinea-pig cardiac membrane.
When ATP is added in the presence of cytoplasmic sodium, the pump becomes phosphorylated with sodium occluded (the E1P3N state). The pump can then open to the extracellular side to release sodium (reactions 3 and 4), giving rise to the E2P3N and E2P2N states. In the absence of extracellular potassium, the pump will accumulate in these E2 states because reactions returning binding site availability to the cytoplasmic side with sodium bound instead of potassium (reactions 5 and 6) are very slow. ,uM) induces a 180-fF increase of capacitance, which is immediately reversible on removal of either cytoplasmic sodium or ATP. The capacitance response amounts to about 2% of the total membrane capacitance. Fig. 3C shows a frequency scan of the ATP-induced capacitance, measured at 38?C, in the presence of 100 mM cytoplasmic sodium. No response was obtained when 100 yM ouabain was included in the pipette. The pump-related capacitance declines from 0.75 pF at 50 Hz down to a steady value of 0.12 pF at 50 kHz. The spectrum is well described as the sum of two reactions, one "slow" charge-moving reaction with a corner frequency of 140 Hz (i.e., a rate constant of 880 s-1), and one which is not resolved in this frequency range and therefore gives rise to a baseline capacitance, A/[1 + (f/fC)2] + B. These results are consistent with the Na,K pump charge movements described previously (9), whereby slow charge movements took place at 440 s-1 (0 mV, 35-37?C), and the magnitudes of fast components were about 1/10 the magnitudes of slow components.
The magnitudes of fast charge movements occurring in the E2 pump configuration depend both on the extracellular sodium concentration and on membrane potential (9) . High extracellular sodium and hyperpolarization shift the pump reactions toward the fully loaded, sodium-occluded state, manifested in a reduced capacitance (see open arrows in Fig.  3A) . At very positive membrane potentials, most binding sites should be empty as the sodium release reactions are driven to completion. Fig. 3D shows results for voltage steps from -100 mV to -50, 0, and +50 mV (1-mV perturbation at 100 kHz; 90 mM cytoplasmic sodium, 120 mM extracellular sodium, 32?C). As indicated, the results are shown in the absence of cytoplasmic ATP (-ATP) and in the presence of 1 mM ATP (+ATP). Capacitance signals settle within 50 ,us in the absence of ATP, and they can be studied without background subtraction. Upon depolarization in the presence of cytoplasmic ATP, an immediate capacitance increase is followed by a slow rise of capacitance. Single exponential functions were fitted to the slow phase in each of the records, and the fitted functions are plotted as broken (barely visible) lines. The corresponding rate constants are plotted in Fig. 3E as a function of voltage.
In in Fig. 3 E and F are the predictions from a previously described model (9); the rate of the slow step (reaction 3) was decreased to account for these results at 32?C, and the simulated results were scaled to the experimental results in Fig.  3F . As predicted, the fast capacitance-voltage relation is bell-shaped, and it is shifted to more negative potentials at lower extracellular sodium concentrations. We mention that we have similarly identified fast electrogenic reactions for the cardiac Na,Ca exchanger, expressed in Xenopus oocyte membrane (22, 23) . Those results were also consistent with extracellular sodium binding being the major electrogenic reaction underlying capacitance signals. In contrast, the signals described below for the GAT1 transporter clearly have a different origin.
Capacitive Measurements of GAT1 (24) Charge-Moving Reactions. Fig. 4A shows a possible transport cycle for the GAT1 (GABA) transporter. It has been established that sodium can bind to the GAT1 transporter from the extracellular side in the absence of GABA and that this binding is followed by a large slow charge movement (ref. 13 ; reaction 1). Chloride is essential for the GAT1 transport cycle (25) , and transport of chloride has been measured directly for the TAUT1 taurine transporter (D. D. F. Loo, K. K. Boorer, and E. M. Wright, personal communication). In addition, chloride may allosterically stimulate transport activity (26) . It is established here, that in the absence of any bound substrate the carrier can reorient (reaction 2) to a configuration which allows cytoplasmic chloride to bind. The subsequent steps in a "reverse" cycle, including the binding and translocation of GABA and sodium (reactions 4 and 5), are not addressed by results to be presented. From the extracellular side it is known that chloride can bind to the transporter in the absence of GABA, and that GABA can bind without chloride (13). It is not known whether extracellular chloride can bind in the absence of extracellular sodium.
Addition of cytoplasmic chloride (100 mM) was found to decrease the membrane capacitance of GAT1-expressing patches in the absence of any other GAT1 substrates on either membrane side. Fig. 4B shows the chloride dependence of the capacitance decrease (closed circles); neither sodium nor GABA is present. The Kd is 15 mM. There is no change of membrane current (open circles) or conductance on application of cytoplasmic chloride. Fig. 4C shows the cytoplasmic chloride dependence of both membrane capacitance and reverse transport current when 120 mM sodium and 2 mM GABA were included on the cytoplasmic side. The decrease of capacitance and the activation of reverse transport current show a very similar dependence on cytoplasmic chloride, suggesting a close relationship between these two events. Very similar results were obtained with extracellular chloride concentrations from 2 to 120 mM, strongly suggesting that extracellular chloride binding does not contribute significantly to the observed capacitance signals. A frequency scan of the capacitance decrease induced by 120 mM cytoplasmic chloride is shown in Fig. 4D ; results without chloride were subtracted from results with chloride. The capacitance declines only slightly up to 20 kHz, indicating that the underlying charge-moving reaction is still faster.
As pointed out above, the GAT1 transporter can bind extracellular sodium and undergo a slow reaction which generates a large charge movement in the absence of other substrates. Therefore, we studied the relationship of the slow voltage-dependent step to the chloride-sensitive capacitance change. Fig. 4E shows the flat capacitance-voltage reactions obtained in control oocyte patches and the lack of effect of applying 120 mM chloride from the cytoplasmic side. As shown in Fig. 4F , membrane capacitance increased with depolarization in GAT1-containing patches when 120 mM sodium Mes was included in the pipette. Note that according to the model described, depolarization will drive the transporter from a configuration with occluded sodium ions to one in which the binding sites are empty (reaction 1). As further shown in Fig.  4F , addition of cytoplasmic chloride suppresses entirely the increase of capacitance with depolarization. This suggests, therefore, that both extracellular sodium and cytoplasmic chloride can suppress a charge-moving reaction of the transporter by occupying empty binding sites.
The time course of capacitance changes in the presence of 120 mM extracellular sodium was studied by using voltage steps over the range of -200 to +200 mV. As shown in Fig. 4G , capacitance increased with depolarization from -100 to + 100 mV in a small fast phase and a more pronounced slow phase over a 50-ms step. Upon hyperpolarization, capacitance decreased in an immediate phase and a slow phase taking tens of milliseconds. In contrast, there was no slow phase in the presence of 120 mM cytoplasmic chloride. The slow capacitance changes were completely absent when the specific GABA transporter inhibitor SKF89976A (60 ptM) was included in the pipette solution.
DISCUSSION
We have used capacitance measurements to identify two types of fast voltage-dependent interactions between ions and mem- brane transporters. Data for the Na,K pump indicate that the occupation of sodium binding sites per se is probably electrogenic, while results for the GAT1 cotransporter indicate that occupation of chloride binding sites can silence fast electrogenic reactions taking place in the absence of substrate. The validity of our approach is supported by analysis of a simple model system, the hydrophobic anion DPA. The capacitance measurements for the Na,K pump confirm several expected behaviors (6, 7, 9) . Membrane capacitance, monitored with up to 100-kHz perturbations, increases when the pump is phosphorylated. This increase of capacitance is dependent on extracellular sodium and membrane voltage, and the rate of capacitance change during voltage steps decreases monotonically with depolarization to about 300 s-1 at 32?C in Fig. 3E . This rate is strongly temperature sensitive, and a fitted value of 880 s-1 is obtained from the frequency scan at 38?C in Fig. 3C .
The model fitted to the results (9) assumes that the underlying slow process (reaction 3 in Fig. 3A) is a voltageindependent conformational change which opens sodium binding sites to the extracellular side. Accordingly, it could be analogous to a partial reaction of channel gating, and its strong temperature dependence indicates that it has a high activation energy. The Na,K pump results are all consistent with the idea that the increased capacitance of the pump with binding sites open to the extracellular side reflects binding of extracellular sodium by the pump. The actual capacitance may be generated by diffusion of sodium ions per se, if electrical field crosses through these binding sites, or it may be generated by fast conformational changes of the sodium binding sites as sodium binds.
The results for the GAT1 transporter document that the binding of cytoplasmic chloride ions silences a fast electrogenic reaction. The actual capacitance may be generated in this case by movements of charged groups of the empty binding sites within the membrane field. These movements may be associated with a transition between states, which allows alternatively extracellular sodium or cytoplasmic chloride to bind (reaction 2 of Fig. 4A ). Our evidence that extracellular sodium also silences this fast reaction is indirect. In the presence of extracellular sodium the membrane capacitance rises in a time-dependent fashion as the membrane is depolarized. The slow kinetics of this reaction (Fig. 4G) correspond to the time course of a well-characterized slow charge movement of the transporter (13) , whereby the binding sites are expected to be cleared of sodium at positive potentials. In the reaction scheme discussed (Fig. 4A) , cytoplasmic chloride can logically suppress this increase of capacitance by drawing transporters into a configuration with binding sites open to the cytoplasmic side and occupied by chloride. The immediate jumps of capacitance on changing voltage, both in the case of the GAT1 transporter and in the case of the Na,K pump, logically reflect a nonlinearity of the capacitance resulting from fast electrogenic reactions. These reactions will saturate at extreme negative and positive potentials, albeit with less steep dependence on voltage than for results with DPA.
In conclusion, the present work documents the use of highly sensitive capacitance measurements in the study of electrogenic ion transporters. The ability to monitor partial transporter reactions related to ion binding should be useful, when combined with molecular biological and structural methods, in the development of structure-function models.
